This paper concerns the interpretation of the time averaged signals from a crossed hot-wire probe and the development of a related look-up inversion method. By making use of the look-up inversion method, an accurate calibration relationship for the crossed hot-wire probe is obtained. In standard signal analysis methods it is assumed that the mean binormal velocity component W and its fluctuations w are both equal to zero. However, in turbulent flows, the fluctuations of the binormal velocity component are not equal to zero. This may lead to large errors in the measured Reynolds stresses. In the present study, a correction method is applied to take the effect of the fluctuating binormal velocity component into account. An assessment of the accuracy of standard signal analysis methods is given. It is demonstrated that the influence of the fluctuating binormal velocity component cannot be neglected if accurate flow measurements are required.
Introduction
Hot-wire anemometry (HWA) is still a widely used tool for studies of turbulent flow because of its good frequency response and high accuracy. The principle of HWA is based on the instantaneous transfer of heat to and from an electrically heated element, such that the heat transfer depends on the instantaneous fluid velocity. The heated element is cooled by the flow which results in a decrease of the electrical resistance of the element. The hot-wire element used is a short ( 1 mm active length) and very thin (5 µm) wire fitted between prongs. The wires are made of tungsten or platinum. Because of the small diameter of the active wire, the resistance of the wire is many times the resistance of the prongs and probe cables. Also, the response time of the wire for responses to fast fluctuations is shorter for thinner wires due to the smaller thermal lag.
For measurements in three-dimensional turbulent flows many types of hot-wire probes may be used. Each type has its advantages and disadvantages. Three-wire probes have a low spatial resolution. Regions near the wall, which are of great interest in many studies, are difficult to reach with this type of probe. The probe used by Müller [1] consists of a single inclined wire. The probe is rotated around its axis. In spite of the simplicity of its principle it is rather complex both in its construction and in its calibration. Many measurements need to be performed at one point with the wire at various inclinations. The accuracy is thereby affected. In the lookup inversion method described in the next section, use of two hot-wires in a crossed configuration is made. Such a crossed hot-wire probe has a relatively small size, giving a high spatial resolution. The separation between the wires is of the order of 1 mm. An overview of HWA is given by Bruun [2] .
The look-up inversion method for HWA
A look-up matrix method was introduced by Cheesewright [3] . In his method a (U 0 , α) calibration was carried out using eight different velocities and 15 angular positions. For each velocity/yaw-angle pair (U 0 , α) (figure 1), a unique voltage pair (E 1 , E 2 ) is obtained, provided that the velocity vector is within the approach-acceptance region. The probe is oriented such that the binormal velocity component (W ), i.e. the velocity component perpendicular to both wires, equals zero. The angles α 1 and α 2 are both approximately equal to 45
• . The calibration data were curve-fitted using separate fifth-order polynomials in E 1 and E 2 for the U and V velocity components. Then a look-up matrix containing values corresponding to all possible discrete values for E 1 and E 2 was created.
The procedure used by Cheesewright is rather cumbersome; later methods have involved use of a matrix of much smaller dimensions linked to an interpolation scheme. The first of these methods was introduced by Willmarth and Bogar [4] . Other look-up matrix methods have subsequently been presented by Johnson and Eckelmann [5] , Lueptow et al [6] , Browne et al [7] and Schewe and Ronneberger [8] . Figure 2 shows the result of a calibration in which the crossed wires are exposed to four different velocities, evenly distributed in the expected velocity range, while the probe is yawed with respect to the velocity vector in the flow angle range −30
• α
30
• with 5
• increments. The calibration was done with no velocity component perpendicular to the plane of the two wires. In the present study it was found that a first-order polynomial of the form
was accurate enough to keep the relative error within the 0.15% range. The wires have to be recalibrated on a regular basis due to changing environmental circumstances as well as effects to do with ageing of the wires. Upon completion of the calibration, the measurement can be carried out. To obtain the velocity components U and V related to a pair of input voltages E 1 and E 2 , the following procedure is used mathematically. A line corresponding to E = E 1 is drawn ( figure 2 ) and the points of intersection with the individual calibration curves are determined. A similar procedure is applied to the value E 2 for wire 2. Plotting these points on a ( √ U 0 , α) graph (figure 3) identifies two curves, corresponding to wires 1 and 2, respectively. This method is illustrated in figures 2 and 3. The value of (U 0 , α) is obtained from the intersection of these two curves, which is done numerically by using an interpolation technique. The related values of U and V are calculated from
3. A method of correction for the fluctuating binormal velocity fluctuations
The relation between the real and virtual velocity components for laminar flows
The look-up inversion method described in the preceding section gives very accurate results for a purely twodimensional flow situation. However, turbulent flows are never two-dimensional. In turbulent flows there is always a third velocity component, i.e. the binormal velocity component which is defined as the velocity component perpendicular to both wires. Although the mean binormal velocity component may be zero, the fluctuation in the binormal velocity component is not equal to zero in turbulent flows. It has been demonstrated by Tutu and Chevray [9] errors in the measured Reynolds stresses can be as high as 28% when the turbulence intensity is 35%. These errors were caused by the combined effect of forward-reverse ambiguity and sensitivity to the binormal velocity component. Forwardreverse ambiguity occurs whenever the velocity component normal to the hot wire becomes negative and the velocity is outside the approach-acceptance region (figure 1). A negative normal velocity component is then reflected into a measured positive normal velocity component. Tutu and Chevray [9] demonstrated, however, that, especially at a low turbulence intensity (I 30%), the error due to the effect of forwardreverse ambiguity is small relative to the error associated with neglecting the effect of the binormal velocity component. Therefore, special attention will be paid here to the influence of the fluctuating binormal velocity component on the crossed hot-wire results. The positioning of the hot wires is as depicted in figure 4 with velocity components U and V in the prong plane and with W as the binormal velocity component. From the measured voltages E 1 and E 2 the measured velocity components U m and V m in the prong plane are calculated as if the flow were twodimensional, i.e. from equation (2),
However, from the real velocity components U , V and W (figure 4), the velocity component W is not in the plane of the prong.
To express the effect of the binormal velocity component, i.e. W , on the measured velocity components U m and V m , we have to make use of an additional relation for the angular sensitivity of an inclined hot wire. Jörgenson [10] established the following relationship for the effective cooling velocity U eff of a wire:
where U n , U t and U b are the velocity components normal, tangential and binormal (normal to the plane of the prong) to the wire, respectively. The relations between the effective cooling velocity and the measured velocity components U m and V m expressed in terms of velocity components normal and tangential to the wire are given on the left-hand sides of equation (5). The effective cooling velocity is the velocity which, in the normal direction, would give the same difference in voltage over the wire as would the real velocity. In the same way the relation between the effective cooling velocity and the real velocity components U , V and W can be expressed in terms of velocity components normal, tangential and binormal to the wire. See the right-hand sides of equation (5). Therefore the difference in voltage over the wire is only a function of this effective cooling velocity. The factors k and h account for the additional cooling due to the tangential and binormal velocity components, respectively. The factor k is called the 'yaw factor' and h the 'pitch factor'. The factors k and h depend on the length-to-diameter ratio of the wire and the effects of the prong. Typical values for k and h for a standard plated hot wire are 0.2 and 1.05, respectively [2] . The effective cooling velocity of the measured velocity components equals the effective cooling velocity of the real velocity components. Therefore, for the two hot-wire probes,
Summation and subtraction of the set of equations in equation (5) gives the following crossed hot-wire response equations:
Equation (6) may be replaced by
where the influence of the yaw factor k has been taken into account by the redefined pitch factor h. 
Therefore, equation (7) may be interpreted as a corrected version of equation (8) in which the influence of the binormal velocity component W has been taken into account. In the limit of a zero binormal velocity component, the corrected crossed hot-wire response equation (7) reduce to the uncorrected crossed hot-wire response equation (8) . This means that, for two-dimensional flow with W equal to zero, the solution for U and V obtained from the corrected crossed hot-wire response equation (7) is equal to the measured velocity components U m and V m obtained by the look-up inversion method. Therefore, the high accuracy of the look-up inversion method is also obtained by making use of the corrected crossed hot-wire response equations. A relation between the measured and real velocity components is obtained by equating the right-hand side of equation (7) to the real velocity components on the right-hand side of equation (8) with the measured velocity components U m and V m :
Equation (9) indicates that, with W = 0, the axial velocity component is always overestimated, i.e. U m U , and thereby the radial velocity component V is always underestimated.
The relation between measured and real Reynolds stresses for turbulent flows
In order to find a relation between the measured Reynolds stresses u 2 m , v 2 m and u m v m and the real Reynolds stresses u 2 , v 2 and u v the following procedure is used. First, the measured quantities A 1 and A 2 are defined by
The uncorrected crossed hot-wire response equations (8) based on the measured velocity components U m and V m may then be given in the form
and the corrected response equations (7) based on the real velocity components U , V and W may be expressed using
A standard averaging technique is applied to both set of equations. One can decompose each velocity component and the variables A i into a mean and fluctuating part like
By applying standard averaging techniques to equation (12), we get the following set of equations: where it is assumed that the mean binormal velocity component equals zero, i.e. W = 0. The turbulent flow quantities of equation (14) may be obtained by subtracting the average values A 1 and A 2 in equation (14) from the instantaneous relation equation (12). Third-and higher order terms have been modelled by assuming a bivariate normal distribution for U and V . The distribution for the binormal velocity component W is assumed to be normal and W is assumed to be statistically independent of U and V . Therefore all first and higher order correlations to w are zero. Conditions like these are, for example, found in turbulent jet flows without swirling. However, it is emphasized here that other assumptions might be necessary for other types of flow.
Let us now look at the uncorrected response equation (11). An identical system of equations is obtained for the measured mean velocity components and measured Reynolds stresses, i.e. 
Similarly to the way that the relation between the measured and real velocity components in equation (9) is obtained by equating the right-hand side of equation (11) to the righthand side of equation (12), now the relation between measured and real Reynolds stresses is obtained by equating the righthand side of equation (14) to equation (15). However, it is impossible now to express the measured quantities directly in terms of real quantities. For a given set of real quantities, the measured quantities may be evaluated numerically. This can be done, for example, by making use of a Newton method.
The influence of the fluctuating binormal velocity component in jet flows
We are now able to give an estimation of the error associated with neglecting the influence of the fluctuating binormal velocity component. Here the error is evaluated for flow conditions typical of jet flows, i.e. V = 0, σ v = 0.8σ u , σ w = 0.8σ u and ρ = 0.3. Similar conditions have been used by Tutu and Chevray [9] . The notation σ φ refers to the standard deviation of φ and ρ is the correlation coefficient, i.e. ρ = u v /(σ u σ v ). For this flow condition, it may be obtained for the averaged real velocity components from equation (14) that
where I is the turbulence intensity defined as I = σ u /U . The pitch factor h has been set equal to unity. By equating the righthand side of equation (15) for the averaged measured velocity components to the right-hand side of equation (16) for the averaged real velocity components, measurement errors, defined as
with x as the averaged quantity being considered, may be evaluated as functions of the turbulence intensity I . Figure 5 shows the evaluated errors in the mean axial velocity component and Reynolds stresses associated with neglecting the influence of the binormal velocity component. It appears that the measured (interpreted) mean velocity is higher than the actual velocity. The contrary is true for the Reynolds stresses. Similar results have also been found by Tutu and Chevray [9] . Obviously, neglecting the influence of the binormal velocity component is responsible for large errors in the conversion of data. Therefore, in order to close the system of equation (14), additional information about the magnitude of the fluctuating binormal velocity component has to be obtained. This information can, for example, be obtained through rotation of the probe or by assuming that w 2 ≈ v 2 , which is a rather good assumption for jet flows.
Conclusions
A modified look-up inversion method has been presented. A set of crossed hot-wire response equations has been modified by including the influence of the binormal velocity component.
In the limit of a zero binormal velocity component this set of equations reduces to the commonly used crossed hot-wire equations. For purely two-dimensional flow this modified look-up inversion method still operates with very high accuracy.
In the averaged equations, second-and higher order velocity correlation terms have been modelled for the specific flow conditions found in a turbulent jet without swirling. The distribution for the axial and radial velocity components is assumed to be bivariate normal whereas the azimuthal velocity component is assumed to be statistically independent. The resulting set of six equations is solved by making use of the Newton method.
It has been shown that neglecting the influence of the fluctuations of the binormal velocity component leads to an overprediction of the mean velocity and typically an underprediction of the measured intensities of velocity fluctuation. Obviously, the influence of the binormal velocity component cannot be neglected if accurate flow measurements are required. This justifies making use of the method for crossed hot-wire anemometry presented here in future research.
